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The addition of small amounts of niobia (Nb20s) in borosilicate glasses was explored. By analysis on thermal and
structural changes, we found evidences that niobium integrates the glass structure in octahedral NbOg coordi-
nation. Adding up to 8.0 mol% of NbyOs, the oxide partially ruptured the glass structure, interfering in the BO3/
BOy4 ratio, but the predominant network configuration was maintained. Thermally, there was an increase in the

processing interval and the glasses became more resistant against crystallization, with the presence of niobia.
Also, the oxide contributed to a notable decrease in the viscosity of the melts. The improvement of such prop-
erties were obtained by the controlled dispersion of the oxide in the glass network structure, avoiding large areas
of phase-to-phase separation to preserve the desired ability of these glasses to incorporate a wide range of

elements.

1. Introduction

Borosilicate glasses exhibit a broad extent of applications, going from
cookware and labware, to biomedical implants, electronic display de-
vices and nuclear waste immobilization matrixes, due to their physical
and chemical characteristics [1,2]. The interference of boron and others
oxides such as aluminum in the glass structure depends on the concen-
tration and the coordination state that these specimens take on. Boron
can be three- or four-coordinated (BO3 or BO,), being influenced by the
field strength of charge balancing cations such as Na* and Ca®" [3-6].
Due to the open network structure, aluminoborosilicate glasses have
been explored in the vitrification of galvanic wastes (GW), in which up
to 40 wt% of GW containing toxic heavy metals (Cr, Ni, Cu, Zn and Pb)
were stabilized in the glasses [7-10]. These transition metals and Pb
(which is post-transition) can close the original spaces between the sil-
icate tetrahedra by interconnecting them, in a function that is similar to
Ca?* ions [10].

To continue the exploratory studies on the activities of transition
metals in these glass systems, we decided to add niobia (Nb2Os) to
aluminoborosilicate glasses. Niobia is a versatile refractory oxide,
adapting itself very easily into some glasses and glass-ceramics.
Depending on the solubility of niobia in the system, the oxide can be
used for different purposes such as chemical resistance and as a nucle-
ation agent. Its behavior in the structure of phosphate glasses was
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investigated by Sene et al. [11] and Maeda et al. [12]. NbO4 and NbOg
units were detected, acting as network formers in P-O-Nb bonds, and as
modifier units, that aggregate and grow as long chain structures, as the
niobia content is raised, respectively. Most works found in the literature
relate to additions of NbyOs to bioactive glasses, such as 45S5 Bioglass®,
for bone replacement [13-16]. Nevertheless, the structural role of niobia
in these systems is rather complex, and is still a matter of controversy.
While Samuneva et al. [17] and Lopes et al. [18] report that niobia
connects to bridging oxygens on the network structure, Francisco et al.
observed phase separation in binary glasses of SiO2-NbyOs [19]. Such
behavior evidences the low chemical affinity between SiO; and Nb,Os,
and contradicts the findings of references [11,12]. Also, different studies
on glasses and glass-ceramics of the silicate and phosphate families have
demonstrated that Nb>* jons strongly tend to form liquid-liquid phases
associated to alkali and alkaline earth ions, forming polyhedral struc-
tures [20-25]. The Nb dissolution through the silicate matrix is shown to
be dependent on the connectivity and viscosity of the glasses. For the
case of aluminoborosilicate glasses with high sodium and calcium con-
tents, more studies are necessary to determine the influence of niobia in
this glass composition on the structure and thermal properties, espe-
cially in complex systems such as borosilicates, that include B;O3 acting
as a secondary glass former.

This work shows the results observed in the interference of small
amounts of Nb,Os in aluminoborosilicate glasses, and how it affects the
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glass structure, and consequently the thermal properties such as pro-
cessing window, viscosity and resistance to crystallization. A promising
new family of niobium-modified borosilicate glasses is obtained in this
study, with increased resistance to crystallization and lowered viscosity
of melts, still preserving the desired ability of theses glasses to incor-
porate a wide range of elements in the network structure.

2. Experimental procedure
2.1. Choice criteria for the glass compositions

The parent glass composition used in this work was a borosilicate
glass previously studied, in which B,O3 was introduced for the reduction
in the melting temperature and adjusted to avoid the growth of second
phases, as show the phase diagrams of this system [7-10]. Due to the
strong tendency to grow niobate salts [13], new compositions were
planned, replacing the main glass-forming oxide (SiO2) with low con-
tents of NboOs (up to 8 mol%), in order to promote only a distortion in
the glass structure, but also avoid second phases (precipitates). There-
fore, the interaction of the oxide with the silicate matrix, as well as
secondary glass formers and modifier oxides could be analyzed.

2.2. Glass synthesis

The glasses belonging to the system: xNbyOs-(44-x)SiO2-25Na0-
21.3Ca0-7B503-2A1,03-0.7K,0 were calculated in a molar base (2-8
mol%), named Gx (x = mol%), and a sample without niobia was pro-
duced for comparative purposes. Samples were prepared using reagent-
grade SiO2 (99.0 wt%; Vetec, Brazil), CaO (95.0 wt%, Vetec, Brazil),
NaOH (97.0 wt%; Vetec, Brazil), Al,O3 (99.5 wt% Almatis, Brazil),
H3BOj3 (98.5 wt%, Casa Americana, Brazil), metallic Nb in powder (99.9
wt%, Brazil, Brazilian Metallurgy and Mining Company — CBMM) and
K2COs3 (99.0 wt%, CAAL, Brazil). By homogenizing the raw materials in
an agate mortar, batches were obtained, subsequently melted in ambient
atmosphere using high-purity alumina crucibles, at 1300 °C during 1h in
a vertical electrical furnace. The melts were then cast into pre-heated
(430 °C) steel molds and annealed at this same temperature during 2h,
for removal of thermal stress. Then, the samples were slowly cooled to
room temperature. The annealing temperature was chosen according to
previous studies involving the parent glass composition [7-10].

2.3. Characterization

Energy Dispersion X-ray Fluorescence Spectrometry (XRF) was used
for chemical analyses (except for boron). Inductively Coupled Plasma -
Optical Emission Spectrometry (ICP-OES) was conducted exclusively for
determination of ByO3 content. The resulting weight percentages were
converted to normalized molar percentages. X-ray diffractometry ana-
lyses of the glass samples were conducted in theta-2-theta from 5° to
70°, to confirm the amorphous character of the obtained glasses. Solid-
State Magic-Angle Spinning Nuclear Magnetic Resonance (MAS-NMR)
were performed. Room temperature measurements for 1B (128.38
MHz) and ?°Si (79.49 MHz) were conducted, and spectra were generated
after spun at 10 kHz with 120 scans, with a recycling time of 10 and 30
(s), to minimize saturation. The 93Nb spectra were recorded at 9.4 T
(97.8 MHz), spun at 10 kHz for 8000 scans, and the recycling time was
1s. Raman spectroscopy was conducted on bulk samples using a confocal
Raman microscope, operating with green Ar' laser (532 nm), at 45 mW.
The spectra obtained in the analyzes were deconvoluted using the
Levenberg-Marquardt method with Gaussian-Voigt functions and the
band assignments proposed by Manara et al. [26] and Lonartz et al. [27].
Differential thermal analyses (DTA) were used to determine the influ-
ence of niobia additions in the glass transition (Ty), crystallization and
flow events during the heating of the samples. The experiments were
performed in alumina crucibles with 14.4420 mg of glass powder for
each sample, using N, atmosphere at 10 °C/min up to 900 °C. In order to
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evaluate the viscosity of the melts with different niobia contents, hot
stage microscopy (HSM) was performed using a side view optical mi-
croscope with an image analyzer system and a heating system, in air, at
10 °C/min up to the flow temperature of each melt.

3. Results and discussion
3.1. Chemical composition

The chemical analyses (in mol%) by XRF and ICP-OES are presented
in Table 1, the deviations (ND) and variations among the compositions
(o) are negligible.

3.2. Structural evaluation

The X-ray diffraction patterns of the Gx compositions are shown in
Fig. 1. All glasses exhibit typical spectra for amorphous materials, with
halos centered at approximately 20 = 22° and 26 = 33°, which indicate
the precursor short-range ordering of the atomic arrangements for the
system’s inherent crystalline phases, such as calcium and sodium silicate
(Combeite High), if the structural equilibrium is favored, i.e., by thermal
activation [28,29]. These results show that up to 8.0 mol% of Nb,Os can
be incorporated to this glass system without growth of crystalline pha-
ses, as expected.

For insight on the coordination of Nb atoms in the glass network
structure, >>Nb MAS-NMR analyses were performed, and the spectra for
the G6 and G8 compositions are shown in Fig. 2, with LiNbO3 crystal
spectrum obtained with the same experimental conditions, for com-
parison. The scale of isotropic chemical shifts for different NbOy poly-
hedra [30,31] is shown in Table 2. Comparing the spectra of G6 and G8
glasses with the LiNbOj3 crystal spectrum, it is observed that they exhibit
a much wider bandwidth, ranging from —2500 ppm to O ppm, which is
due to the high quadrupolar interactions of the *>Nb nuclei in the glassy
phase. The noise of the spectra is due to the low Nb content in the glasses
[31], and that is why only G6 and G8 glasses are shown. For quantitative
evaluation on the Nb coordination, further analyses must be assessed by
93Nb MQMAS-NMR. Nevertheless, changes in the °>Nb chemical shift
reflect the gradual transformation of the NbOg octahedron edge bonds
from cationic to anionic or vice versa [30,31]. The Nb (V) coordination
in most crystals (i.e., LINbO3) is octahedral [31]. Due to the range of
chemical shift presented by the G6 and G8 spectra, our results qualita-
tively indicate that niobium is present in the glasses in the NbOg octa-
hedral coordination for all the Gx glasses, possibly coexisting with less
coordinated NbOy units in small sites of niobium-rich phases, indicated
by the decrease in chemical shift with higher Nb content. These octa-
hedra have a perovskite structure type, which is charge balanced by R™
and R>" ions [31].

The MAS-NMR spectra for the 293i nuclei are shown in Fig. 3-a, and
provide qualitative information on the connectivity of the SiO4 tetra-
hedra. Comparing the GO glass spectrum with the spectra of glasses G2 —
G8, asymmetric bands are observed for all compositions, corresponding

Table 1

Chemical composition (mol %) of the glasses by XRF and ICP-OES, medium
deviation (%) from the nominal composition (ND) and variation (o) of oxides
among compositions.

Sample SiO, B,03 Na,O CaO K,0 Al,03 Nb,Os5
GO 44.0 7.4 22.8 19.8 0.7 5.2 0.0
G2 46.1 6.7 24.5 16.1 0.7 4.0 1.9
G4 42.2 7.2 23.0 17.3 0.6 6.3 3.5
G6 42.6 6.9 23.2 15.3 0.6 5.8 5.6
G8 39.5 7.0 22.2 16.7 0.7 6.1 7.8
ND 2.3 0.3 1.9 4.3 0.0 3.5 0.2
[ 2.7 0.3 0.8 1.7 0.0 0.9 2.5
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Fig. 1. X-ray diffraction patterns of the Gx compositions.
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Fig. 2. *Nb MAS-RMN of G6 and G8 glasses.

Table 2
Isotropic chemical shifts related to different coordination of Nb sites in niobate
crystals and comparison to the >Nb MAS-NMR results.

Nb sites Chemical shift Reference  Sample
(ppm)
Four-coordinated Nb sites —650 to —950 30, 31
(NbO4)
Five-coordinated Nb sites —920 to —1000 30, 31
(NbOs)
Six-coordinated Nb sites (NbOg) —900 to —1300 30, 31 G6 and G8
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mostly to Q2 units, (around —82 ppm), coexisting with Q° units (around
—90 ppm) and Q! (around —75 ppm) [32,33]. All spectra are centered
at ~ —82 ppm, but the different niobia contents in G2, G4 and G6 spectra
do not clearly present changes in ppm, except for G8 which is slightly
shifted to lower ppm, indicating higher concentration of Q! units for this
composition. Due to the very low Nb-Si solubility [34], the Nb>* ions do
not tend to act as glass formers in silicate glasses, but rather interact with
non-bridging oxygens (NBO) of SiO4 tetrahedra, and cations such as
Na*, K™ and Ga®* for charge balance. Contributions of the band around
—103 ppm, related to Q* units [35], are not observed in the spectrum of
any composition, indicating a high degree of depolymerization. The 2Si
MAS-NMR data presented in Fig. 3-a gives insight of the silicate network
as mostly constituted of two-dimensional chain structures, in over-
lapping planes of connected SiO4 tetrahedra [36-39].

The !B MAS-NMR results are shown in Fig. 3-b, where the spectra
are scaled on the BO4 peak to the same height (normalized). The spectra
of all compositions reveal that boron participates in the glass structure in
both trigonal BO3 and tetragonal BO4 coordination, which is usual for
this family of glasses because of phase-to-phase separations involving
silica-rich and boron-rich phases [40-42]. However, it is clear that by
adding niobia to the glasses, the ratio BO3/BO4 changes, indicating an
increase in BOg3 species for G4, G6 and G8. The G2 glass exhibits the
lowest BOg fraction, and this might be due to its slightly higher content
of SiO, (see Table 1), when compared to the other compositions. With
more SiO4 tetrahedra to be charge balanced, boron promptly stabilizes
the glass network structure by acting as a glass former (BO4) [40-42].
For the case of the BO4 peak, differences in chemical shift have been
attributed to changes in BO4 structural units in function of the B;O3
content [41,42]. Also, the peak gradually shifts to higher frequencies as
the number of surrounding Si atoms decrease, and vice-versa. In the Gx
glasses, the BoO3 content is rather stable among all compositions, and
this suggests that the number of Si atoms surrounding BO4 units tends to
decrease with the additions of niobia, due to the conversion of BO4 to
BOs3, for G4, G6 and G8 glasses. For a quantitative analysis of the
BO3/BO4 ratio by deconvolution and fitting of the respective bands
using appropriate quadrupolar constants, future !B MQMAS-NMR is
necessary. Burnett et al. [43] when studying the NapO-NbyO5-B203
system, observed that low NbyOs contents are enough to create an
immiscibility gap, where high binding energy cations can compete with
B for their coordination with oxygen. In the case of Nb>* ions, the sta-
bilization in the symmetrical structure of perovskite is a determining
factor in favoring the reduction of its free energy. Also, there is a
competition between boron and niobium in balancing residual charges
in this system with Na™ ions, as the number of oxygens in NbOg octa-
hedra is higher than in BO3 and BO4 units. Moreover, the incompatibility
between the perovskite structure and the planar ring and non-ring boron
structures is well known [44,45]. Therefore, even though NbOg octa-
hedra might also be charge balanced by Ca* and K™ ions, present in the
Gx glasses, these results strongly indicate that, in this complex system,
NbOg octahedra are preferentially being charge balanced by Na™ ions.
This explains the boron speciation in Gx glasses, once they depend on
the local availability of Na*. For the case of possible NbO, units, they
constitute the niobium-rich phase [31,44,45], so they do not interfere in
the borate units.

The aluminum coordination in these glasses has already been eval-
uated [10] and is tetrahedral, especially due to the fact that Al/Si ratio is
very low in all Gx glasses, which favors the Al-avoidance, that is, T-O-T
linkages (T = Al and Si) in the place of Al-O-Al, and aluminum is
four-coordinated to act as a glass former. Literature data [37-42] report
that in soda-lime silicate and borosilicate glasses, the Na™ and Ca®*
surrounding network is similar, that is, Ca>" can easily replace Na™, as
the number of first neighbors (coordination) is around 6 for Ca?t and 5
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Fig. 3. (a) 29Si MAS-NMR and (b) !'B MAS-NMR normalized (0,1) spectra
obtained from the Gx glass compositions.

for Na™. Also, the molar ratios NasO > Al,03, NagO > B,03 and NayO >
Nb,Os suggest there is enough Na * ions for charge compensation of
these structural units in the Gx glasses [33,38].

Complementing the studies performed by MAS-NMR, the Raman
spectra obtained from the samples of Gx compositions are shown in
Fig. 4. The band attributions of each structural unit are described in
Table 3, and the relative area (%) of each deconvoluted band is shown in
Table 4. For the Levenberg/Marquardt fitting method, all spectra pre-
sented a residuals standard deviation (6) = 0.075 and R® = 0.996. It is
known from the literature [26,27] that Si-O-Si and Al-O-Al linkages
have very close stretching modes, and that T-O-T linkages modes are
near 500 cm ! and 560 cm™!. However, the best fitting of our Raman
data was achieved based on the model proposed by Manara et al. [26]
and Lonartz et al. [27], considering 498 cm ! for Si—0-Si and 560 cm !
for T-O-T linkages.

Analyzing the spectra shown in Fig. 4 and comparing with the
relative area (Table 4), it is possible observe that the presence of niobia
in the glass structure cause the rupture of the silicate matrix, as indicated
by the substantial area decrease of the band related to Si-O stretching in
SiO4 tetrahedra (498 cm’l). The band at 560 cm™! exhibits area
decrease from GO-G8 glass, indicating the reduction in T-O-T stretching
modes, also consistent with the changes in the number of BO’s (bridging-
oxygens). The band related to Danburite rings (Si-O-B-0-Si) exhibits an
area increase only for G2 glass, being consistent with the ratio BO4>BO3
for this composition, as boron acts as glass former through these struc-
tural rings in borosilicate glasses with high modifier concentrations
(Na't, Ca?") [33]. Changes in the bands BO4 I (674 cm™!) and BO4 II
(736 cm’l), show the interference of niobia in these structures, leading
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to the existence of diborate groups at the expense of tetraborate ones.
The emergence and area growth of the band at 816 cm ™ is due to the
stretching of Nb-O-Nb bonds of highly distorted NbOg octahedra in the
glass structure [11-13,18,45]. Besides that, the band shift from 814
em ! (G2) to 819 cm ! (G8) indicates the increase in connectivity of
these NbOy polyhedra and less distortion [45]. This shift occurs due to
the decreased octahedron coordination and Nb-O bond distance,
resulting in increased vibration frequencies [31,45], as pointed by the
trend in chemical shift observed in the °>Nb MAS-NMR (Fig. 2). The area
changes in Table 4 show the rupture of Q2 units and the rise of (Si—-O-Si):
R* stretching modes, as more niobia is added to the glasses. These al-
terations are attributed to the rupture of network structure, indicating
that the Nb°* jons also interact with R* cations associated to the SiOy4
tetrahedra for charge balance. The decrease of Q2 units occurs simul-
taneously with changes in the concentration of Q' and Q® species, which
is due to the good adaptability of the open network structure and to the
boron speciation. In the boron-rich phase, the BO3 I and BO3 II bands
(1295 and 1398 cm’l) exhibit changes that are due to the growth of
NBO’s in the BO3 units.

In Fig. 5, an illustrative scheme of the interaction of niobia with the
Q? (the most predominant silicate matrix) is shown. Niobia incorporates
in the silicate matrix by interacting with silicate NBO’s and alkali ions
such as Na™, breaking Q2 units to become Ql, and inducing BO4 units to
become BOs. Further Nb EXAFS experiments are necessary to testify this
in this system. However, Piilonen et al. [46] observed, through com-
bined XANES and EXAFS studies, that in Nb>" environment in dry and
fluid-rich (H50O, F) peraluminous and peralkaline silicate glasses, these
units share corners with SiO4 and AlyOs tetrahedra via non-bridging
oxygen atoms (NBO’s), which supports our results. The strong
Nb-O-Nb bonds and the short-range order of the perovskite structure
promptly needs charge stabilization for the oxygens occupying the
corner and edges sites of the NbOg octahedra [31].

3.3. Thermal behavior

The differential thermal analysis (DTA) curves for GO, G2, G4, G6
and G8 glasses are shown in Fig. 6 and the determined temperatures are
shown in Table 5. The curves exhibit mainly the glass transition interval
T, (around 490 °C), the temperature range where the samples start to
crystallize Tj. due to the heating, and the temperature where the samples
show the maximum crystallization T.. It can be observed (Fig. 6) that the
Tic and T, events changed to higher temperatures as more niobia was
added for glasses G4, G6 and G8 (see Table 5), which is due to the in-
crease of thermal resistance of these glasses. The glass transition Tg does
not change with the growing concentration of niobia, suggesting that
such low contents did not interfere in this temperature interval. An
endothermic peak around 760 °C is observed in the DTA curves of GO,
G4 and G8 glasses (Fig. 6), indicating the melting of crystals formed
during the heating of these samples. The glasses G2 and G6 do not
exhibit this peak, which in comparison to the other compositions, is
probably due to differences in connectivity of the network structure
involving NBO’s, where higher displacement of atoms facilitate the
melting of crystals [3,4,13].

The stability, i.e., resistance to crystallization was assessed through
the Hruby parameter (Ky) [47], and the determined values are shown in
Table 5. An increase in Ky can be observed as more niobia is added to the
glasses from G2 to G8, showing that the oxide, in controlled composition
(low contents), is a potential candidate for use in conditions where the
growth of heat-induced crystalline phases in the matrix should be
avoided or minimized. The processing window AT (Tj.-Tg) exhibit a
trend of increase from G2 — G6, in accordance with Ky value for these
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Fig. 4. Room temperature Raman spectra obtained from the Gx glass
compositions.

Table 3
Raman bands related to the selected structural units present in the Gx glasses.

Attribution Raman Shift (cm™1) Reference
Si—O-Si stretching mode 498 26,27
T-O-T stretching (T = Si, Al) 560 26,27
Si-O-B-0-Si Borosilicate unit 632 26,27
BO4 Tetraborate groups 674 26,27
BO4 Diborate groups 736 26,27
Nb-O-Nb short stretching in NbOg units ~816 45,48
Q; units of SiO4 tetrahedron 905 26,27
Q. units of SiO4 tetrahedron 978 26,27
(Si-O-Si):R* 1008 27
Qs units of SiO4 tetrahedron 1061 26,27
Qg units of SiO4 tetrahedron 1129 26,27
BO3-BO;, stretching in boron-rich phase 1295,1450,1398 26,27

compositions containing up to 6.0 mol% of Nb,Os. These results show
that niobia helps to increase the resistance of these glasses to crystallize
up to 6 mol% (G6), due to the cross-linking character and refractoriness
of the NbOg octahedra. The decrease of Tc and AT for G8 glass might be
due to the growth of niobium-rich phases [48].

The viscosity points determined in the hot-stage microscopy (HSM)
analyzes were plotted in function of the heating temperature (+5 °C),
and are shown in Fig. 7. Analyzing the plotted data, it was confirmed
that the compositions GO and G2 resist to elevated temperatures (~850
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Table 4
Relative area (%) of deconvoluted Raman bands (6 = 0.075; R? = 0.996).

Raman Band Relative area (%)

Sample GO G2 G4 G6 G8
Si-O-Si 14.76 4.26 2.02 4.10 2.28
T-O-T 7.25 6.34 4.06 3.67 3.51
Si-O-B-O-Si 2.78 11.94 5.01 6.77 4.50
BO4 I 7.58 4.05 3.17 4.10 2.50
BO4 IT 2.23 8.94 12.44 9.24 14.10
Nb-O-Nb 0 16.09 24.64 33.68 35.10
Q1 2.04 1.04 7.34 4.72 7.50
Q? 43.63 29.87 27.73 18.58 19.18
(Si-O-Si):R*" 0.26 2.76 3.82 3.07 1.10
Q® 7.80 11.01 7.47 8.33 6.51
BOs I 3.11 0 0 0 0
BO,4 III 0.93 1.32 1.11 0.61 0.99
BO; I 7.63 2.38 1.19 3.13 2.73
Total area (%) 100 100 100 100 100

°C) and then flow almost catastrophically, with little variation in tem-
perature. The G4, G6 and G8 glasses, on the other hand, exhibit relax-
ation with a gradual increase until reaching the state of total fluency at
the temperatures expected for the parent glass composition (GO). There
are, therefore, two distinct types of flow behavior: GO and G2 are strong
glasses (highly viscous) and G4, G6 and G8 are weak glasses (less
viscous). We observed a close relation of the viscosities with the lig
MAS-NMR results (Fig. 3-b), as G4, G6 and G8 glasses (less viscous)
exhibited more BOj3 fraction, so we relate the changes in viscosities to
the boron speciation in the glasses, once a decrease in BO4 units (glass
formers) strongly influence the viscosities of these glasses [8,33,41].

The addition of up to 8 mol% of niobia to the Gx glasses has then
proven to indirectly contribute to the decrease in the viscosity of their
melts, through boron speciation. Therefore, the use of niobia in
controlled dispersity is an alternative for lowering the viscosity of sili-
cate melts without substantial changes in the glass matrix Q" configu-
ration. These characteristics stand out as a new family of niobium-
modified borosilicate glasses to be used in applications where self-
heating processes take place, such as nuclear waste immobilization,
due to radiation-induced heating [49].

4. Conclusions

The structural and thermal interference of niobia in aluminobor-
osilicate glasses were evaluated after low additions up to 8.0 mol% of
NbyOs, promoting only a distortion in the network structure and
avoiding the significant growth of niobium-rich phases. For this
compositional range, the oxide incorporated into the network structure
as a modifier agent (NbOg octahedra). As a result, it ruptured part of the
silicate matrix and interfered in the boron speciation, but the predom-
inance of the Q2 species was maintained, preserving the ability of
element incorporation of these compositions. Thermally, the oxide
contributed to the increase in resistance to crystallization (Ky) and
processing window (G2-G6) of the glasses due to the cross-linking of the
NbOg octahedra. The niobia additions also impacted in the shrinkage
and flow behavior of the glasses, with a notable decrease in the viscosity
of the melts, due to the boron speciation in response to the niobia ad-
ditions. This new family of niobium-modified borosilicate glasses is a
promising material for the treatment of hazardous wastes, potentially
encouraging the green energy production.
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Glass Q2 planes without Nb,Ox

Glass Q? planes containing Nb,Os
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Fig. 5. Illustrative scheme of Q? planes in the silicate structure, showing the rupture of Q? network structure by NbOg octahedra, resulting in Q! and BOj; units.

Heat flow (arb. units)

150 300 450 600 750 900
Temperature (°C)

Fig. 6. DTA curves obtained for the glass samples of compositions GO, G2, G4,
G6, and G8 showing the T, (glass transition), Ti. (initial crystallization) and T.
(maximum crystallization).

Table 5

Temperatures (°C) of glass transition (Tg), initial crystallization (T;c), maximum
crystallization (T.), stability parameter (Ky) and processing window (AT),
determined from the DTA curves.

Sample GO G2 G4 G6 G8

Ty (£2°C) 485 °C 474 °C 487 °C 485 °C 486 °C
Ti(£2 °C) 640 °C 637 °C 662 °C 670 °C 673 °C
T(£2°C) 678 °C 667 °C 695 °C 706 °C 700 °C
AT (£2°C) 155 163 175 185 169
Ky 0.4 0.5 0.6 0.6 0.6

GO
G2

G4

@e ( ]

Viscosity n (dPa.s)

700 800 900 1000
Temperature (°C)

600

Fig. 7. Viscosities of the Gx glasses as a function of the heating temperature
during the HSM tests.
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